A hybrid synthesis procedure, combining microwave irradiation and conventional annealing process, is described for the preparation of lithium-rich manganese-rich cathode materials, Li [Li 0.2 (LMNCA). Essentially, this study interrogates the structure and electrochemistry of these layered cathode materials when subjected to microwave irradiation (these microwave-based produced are abbreviated herein as LMNC -mic and LMNCA -mic ). The nanoparticulate nature of these layered cathode materials were confirmed by SEM. The crystallinity and layeredness were determined from the XRD analysis. The XPS measurements proved a definite change in the oxidation states of the manganese due to microwave irradiation. The galvanostatic charge-discharge characterization showed that the aluminum-doped cathode material obtained with the assistance of microwave irradiation has superior electrochemical properties. In summary, the electrochemical performance of these cathode materials produced with and without the assistance of microwave irradiation decreased as follows: LMNCA mic > LMNCA > LMNC mic > LMNC.
With the burgeoning world population and the ever-increasing demand for energy, it comes as no surprise that the world faces an energy crisis with fossil fuels depleting and causing global warming. In an effort to keep up with these demands energy conversion technologies with lithium ion battery research, for energy storage, are at the forefront. The Li[Li 0.2 Mn 0.54 Ni 0.13 Co 0.13 ]O 2 (LMNC) is a well-known lithium-rich lithium ion battery cathode material. [1] [2] [3] [4] These layered cathode materials are unfortunately still plagued by numerous short comings and new strategies explored are the topic of many research reports. Two of these short comings are the cycling ability and the rate capability. 5, 6 It has been accepted a priori that the oxidation state of Mn is 4+ and very unlikely 3+, but this could lead to misinterpretation of data related to layered cathode materials. Interestingly, this was shown not to be the case and that the layered cathode material consists of a mixture of Mn 3+ and Mn 4+ in the starting material. 7 It becomes then important to know the ratio in the starting layered cathode material since the average valence number of manganese plays a critical role in the capacity retention and rate capability of the battery.
In a previous study, 8 we demonstrated that doping the LMNC with very small amount of aluminum (i.e., Li[Li 0.2 Mn 0.52 Ni 0.13 Co 0. 13 Al 0.02 ]O 2 (LMNCA)) improved the rate capability and cycling stability compared to the standard LMNC. This was attributed to the increased c lattice due to Al doping that caused a better Li diffusion. With the minute Al-doping (the same as the present work) there was an increase in the stability but an initial lowered discharge capacity compared to the LMNC. This was explained by the redox-inactive Al. It was also shown from the XPS experiments that the oxidation state of Mn decreases by substituting Mn with Al. In the present work, we introduced microwave irradiation as a strategic step in the synthesis process with a view to observing the impact of microwave irradiation on the physico-chemical properties of these two layered cathode materials (LMNC and LMNCA). We clearly prove that microwave irradiation leads to improved structure and electrochemical performance. Interestingly, contrary to the former finding where the doping with aluminum led to an increase in the Mn 3+ content, our strategic pre-annealing stage microwave irradiation resulted in the decrease of * Electrochemical Society Active Member.
d Present address: Helmholtz-Zentrum Berlin für Materialien und Energie (HZB), 14109 Berlin, Germany. z E-mail: kozoemena@csir.coza the Mn 3+ concentration. In a nutshell, the inclusion of microwave irradiation step in the production process enhances the electrochemical performance of both LMNC and LMNCA in terms of capacity, cyclability/capacity retention, and rate capability.
Most experiments with microwave heating reveal results different from those obtained with conventional heating processes. 9, 10 Two main hypotheses underlying the microwave effects are known. The first assumes the existence of a purely thermal effect (i.e. hot spots and temperature gradient) by dipolar polarization and ionic conduction.
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The second theory assumes that, besides thermal effects there are also non-thermal effects like molecular interaction with the electromagnetic field as shown by Roy et al. 12 It is generally accepted that there are a number of characteristics specific to microwaves as agents for promoting chemical reactions: (i) the quantum energy of microwaves (10 −5 eV) which is much lower than that of chemical bonds making it improbable for microwaves to break or weaken bonds within molecules; (ii) the intensity of electric and magnetic fields that is unable to cause the shift of any chemical reaction equilibrium.
Generally speaking, the synthesis process for electrode materials for lithium ion batteries involves two main conventional heating stages; (i) the initial pre-heating or calcination stage (usually about 500
• C, between 7 and 10 hours), and (ii) annealing stage (≥700 • C, between 8 and 36 hours). However, to the best of our knowledge, researchers who have used microwave-assisted synthesis for the preparation of electrode materials have done so with the view of using microwave irradiation as a means of achieving fast heating or annealing process, thereby reducing the synthesis time. This explains why, for example, Balaji et al. 10 in their 'review of microwave synthesis of electrode materials for lithium-ion batteries' observed and rightly concluded that an economical process of synthesizing electrode materials could be the use of microwave radiation as the primary stage of pre-heating/calcination with the conventional high-temperature annealing at a later stage. The aim of our work is not to replace any of the conventional heating stages with microwave heating, as is generally the case with most researchers, but rather to incorporate fast microwave irradiation (∼20 minutes) as a part of the primary pretreatment stage with the view of tuning the physico-chemical properties of the materials. This work presents the first report on this type of microwave treatment on layered cathode materials and proves that the process is capable of positively impacting on the structural and electrochemical integrity of LMNC and LMNCA for lithium ion battery. 
Experimental
The O were dissolved in deionized water and then introduced, drop-wise, to the reducing solution. The solutions were then dehydrated into gels. The gels were kept at a temperature of 90
• C until the solutions spontaneously formed the desired powders. The precursor powders (LMNC and LMNCA) were preheated at 500
• C for 6 h and each divided into two batches. The one batch was annealed at 700
• C for 8 h (LMNC and LMNCA). The other half was irradiated with microwaves (λ = 0.12236 m), where the power was increased at a rate of 60 W per minute to 600 W and irradiated at this power for 15 min (the temperature of the samples reached a maximum of 60
• C) and then annealed at 700
• C for 8 h (LMNC-mic and LMNCA-mic).
Results and Discussion
Figures 1A-1D compares the SEM images of LMNC-mic and LMNCA-mic, showing that the synthesized materials comprised of nano-sized particles with sizes in the 250-300 nm range for the LMNC-mic (see Figure 1A and 1B), and 100-200 nm range for the LMNCA-mic (see Figures 1C and 1D ). These particle sizes are comparable to the un-microwaved samples with sizes in the 50-100 nm range for the LMNC, and 50-200 nm range for the LMNCA.
8 Figure 2 shows the XRD spectra of the LMNC-mic and LMNCAmic recorded from 2θ = 10
• -90
• . All the peaks are attributed to the typical peaks of a hexagonal phase with space group R3m. Also, the XRD patterns showed weak peaks around 21.8
• (Fig. 2 inset) which can be attributed to the superlattice structure of Li 2 MnO 3 , which by contrast adopts the C2/m space group. [13] [14] [15] The intensity ratio of the 101/(006 + 102) peaks are greater than 2 which is an indication that the cation mixing between Li and transition metal layers is small. 16 The lattice parameters, a and c, were calculated using the Rietveld and least squares methods and are summarized in Table I . The lattice parameters a and c represent the interlayer metal-metal distance and the inter-slab distance, respectively. It is known that Li ions in addition to the transition metals are found in the predominantly transition metal layers and vice versa, which is termed cation disorder. By decreasing the cation disorder, the diffusion of Li is increased. The LMNCA-mic has a higher c/a ratio, indicating a higher cation ordering compared to the LMNC-mic. There is no significant change in the a lattice parameter but a slight increase in the c lattice parameter when doped with a minute amount of Al (x = 0.02) which may be attributed to the increased ionic radius of Al 3+ (r(Al 3+ ) = 53.5 pm) 17 compared to the smaller ionic radius of Mn 4+ (r(Mn 4+ ) = 53.0 pm). 18 Also, the increase in the c lattice parameter, in layered materials, is associated with faster Li diffusion due to the decrease in the activation energy of Li hopping. 19 Again, the LMNCA-mic shows a greater c lattice and thus faster Li diffusion is expected that would result in better rate capability compared to the cathode materials LMNC, LMNCA and LMNC-mic. The c/a ratio is an indication of the hexagonal setting, with a larger ratio indicating higher cation ordering. Partial cation mixing is said to occur if the c/a ratio falls below 4.96. [20] [21] [22] [23] [24] The c/a ratios obtained for all the samples clearly confirm the formation of the layered structures for both the microwave-treated and standard samples. Figure 3 shows the detailed XPS spectra of the Mn 2p 3/2 peaks of the LMNC-mic ( Figure 3A ) and LMCA-mic ( Figure 3B ).
There is a broadening in both the peak widths, an indication that the Mn exist in more than one oxidation state. In order to confirm the oxidation states and to approximate their contribution to the total peak, the Mn 2p 3/2 of the LMNC and the LMNCA peaks were deconvoluted into two and three peaks, respectively, as this gives the best statistical fit. The third peak ('sat') observed from the LMNC-mic is a satellite peak usually ascribed to an electron hole, with a relatively longer life-time, created in the core levels. 8 The obtained binding energy positions and cation distribution are summarized in Table II 24, 25 The microwaved materials show slightly higher average Mn valence number compared to their corresponding un-microwaved materials (i.e., LMNC-mic > LMNC, and LMNCA-mic > LMNCA). The higher oxidation state of manganese with microwave radiation is also observed by Malinger et al. 26 It has recently been shown that the rapid transformation of layered LiMnO 2 to spinel is due to the ease at which Mn 3+ disproportionate to Mn 2+ and Mn 4+ . 27 This then allows the Mn to rapidly move through tetrahedral sites as Mn 2+ . Mn 4+ , however, has a very high activation energy barrier for diffusion through tetrahedral sites. Therefore layered materials with a higher oxidation state for their manganese are expected to be more stable as seen in this study. Also the specific capacity of Li-rich layered cathode materials can be controlled by controlling the initial ratio of transition metal cations, particularly lithium and manganese ions. Figure 4 compares the first charge-discharge profiles of the four layered materials (LMNC, LMNCA, LMNC-mic and LMNCA-mic) used in coin cells at a rate of C/10 (i.e., ∼22.5 mA.g −1 , note that 1 C corresponds to 225 mA.g −1 current density in this work). Both electrodes show similar charge profiles with a prolonged voltage plateau at ∼4.5 V. The charge curve shapes are explained in detail in Ref. 5 . The LMNCA-mic showed a higher charge capacity of ∼375 mAh.g −1 compared to the LMNC-mic with a charge capacity of ∼270 mAh.g −1 . This was also observed for the un-microwaved samples where the LMNCA had a higher charge capacity than the LMNC. 5 The LMNCA-mic also has a higher first discharge capacity of ∼278 mAh.g −1 compared to the LMNC-mic with a discharge capacity of ∼224 mAh.g −1 . Figure 5 compares the cycle stability at a rate of C/10 for 50 discharge cycles of the four layered materials (LMNC, LMNCA, LMNCmic and LMNCA-mic) used in coin cells when charged between 2.0 V and 4.8 V.
During the first 6 cycles these microwave treated samples showed unstable discharge capacities. This behavior may be related to possible relaxation processes, or due to insufficient wetting of the electrode materials, or a combination of the two. Detailed studies are necessary to understand this behavior and improve the stability of the first charge-discharge cycles. From the 7 th cycle the discharge capacities starts to stabilize. The first 6 discharge capacities for LMNCA-mic vary between ca. 270 and 220 mA.h.g −1 , while LMNC-mic vary between and 265 and 230 mA.h.g −1 . It is worth noting that even though the LMNC-mic material has a better capacity at first, the LMNCA-mic shows a higher capacity from the 28th cycle due to its better stability. Because Al is electrochemically inactive, it is expected that the capacity of the Al doped cathode material (LMNCA-mic) to show a lower discharge capacity. This reduced discharge capacity with Al-doping is also observed in the in the paper from Wilcox et al. 29 It is also worth noting that after 50 charge-discharge cycles, the microwavetreated materials (LMNC-mic and LMNCA-mic) were able to retain about 78% of their initial capacity compared to the standard materials (LMNC and LMNCA) that retained about 60% of their initial capacity. The increased capacity and enhanced capacity retention of the microwave-treated samples suggest a combined effect of microwave irradiation and aluminum-doping.
Considering the high performance of the microwave-treated samples, their rate capabilities were investigated. Figure 6 compares the rate capabilities of the LMNC-mic and LMNCA-mic at charge and discharge rates of 0.5, 1, 2 and 5 C. With the XRD data showing that LMNCA-mic has a bigger c lattice parameter compared to LMNC-mic it is thus expected that LMNCA-mic would have a better rate capability. As seen from Figure 6 this is indeed the case. The c lattice is not the only factor responsible for high rate capability; the concentration of Mn 3+ will increase the electron conductivity and better the rate capability. The microwave-treated material with the higher c-lattice parameter and higher Mn 3+ concentration (LMNCA-mic) gave better rate capability. Thus, it is deduced that a good combination of the two (c lattice and Mn 3+ concentration) is needed for high rate capability. Figure 7 shows the cyclic voltammetric evolutions of LMNC-mic and LMNCA-mic. The initial and second cycle of the LMNC-mic and LMNCA-mic is interrogated using low scan rate cyclic voltammetry (0.1 mV.s −1 ). Again, the cyclic voltammograms of the LMNC and LMNCA, that are similar to LMNC-mic and LMNCA-mic, are discussed in detail in Ref. 8 . The peaks at ∼4.7 V, for both LMNCmic and LMNCA-mic, of their initial cycles disappear with the 2 nd cycle showing the irreversible removal of Li 2 O. With the higher peak current at ∼4.7 V for the LMNCA-mic, the higher first charge of the LMNCA-mic compared to the LMNC-mic can be explained (see Figure 4 ). Thus it can be assumed that the microwave irradiation in the LMNCA-mic causes more oxygen vacancies and therefore result in a higher concentration of Li 2 O being removed.
Electrochemical impedance spectroscopy (EIS) represents an important technique for evaluating interfacial electrochemistry [30] [31] [32] [33] and diffusion coefficient of lithium ion in lithium ion battery materials. [34] [35] [36] The impedance spectra for the LMNC-mic and LMNCA-mic were measured at a potential of 3.5 V. The spectra were recorded before the 1 st cycle ( Figure 8A ) and after the 50 th cycle ( Figure 8B ). Prior to every measurement, the cell was relaxed for 1 h. Figure 8 presents typical Nyquist plots (Z vs -Z ) obtained for the LMNC-mic and LMNCA-mic cells. A high-frequency semicircle and an intermediatefrequency semicircle composed into one semi-circle, and low frequency tails are observed. Generally, the high frequency semicircle is related to the passivating surface film, the solid-electrolyte interface (SEI). The intermediate frequency semicircle is ascribed to the resistance to charge-transfer process at the electrode/electrolyte interface. The low frequency tail is associated with the Li + ion diffusion process in the positive electrode. The EIS spectra were fitted with an equivalent electrical circuit (EEC) shown in Figure 8A (as an inset). The fitting parameters involve the solution ohmic resistance of the electrode system (R s ), solid electrolyte interface (SEI) film resistance (R f ), charge transfer resistance (R ct ) due to lithium intercalation/de-intercalation process, the capacitance of the surface film (C f ) and the interfacial capacitance (C Li ), and the Warburg element (Z w ) describing the solid state diffusion of lithium ions inside the active particles, signified by the straight sloping line (∼45
• ) at the low frequency region. The EIS parameters obtained for the LMNC-mic and LMNCAmic are summarized in Table III . After 50 cycles, the R f value for LMNCA-mic decreased by about 80% (from 3.14 to 6.2 ) but the standard LMNCA decreased by about 77% (from 536 to 123 ), the LMNC-mic increased by about 20% (from 22.4 to 26.7 ), while that of the standard LMNC increased by well over 1300% (from 11.1 to 159 ). On the other hand, for the R Li , after 50 cycles, the value for the LMNCA-mic decreased by about 50% (from ca. 192 to 98 ), but the LMNCA decreased by about 50% (from ca. 246 to 124 ), the LMNC-mic increased by about 35% (from ca. 153 to 207 ), while that of the LMNC increased by about 73% (from ca. 117 to 203 ).
In summary, the conductivity of these layered materials decreases as follows: LMNCA mic ( content: 68.4%). The enhanced conductivity of the LMNCA may be related to its higher Mn 3+ content in the lattice, aided by the improved c-lattice that enhances the diffusivity of Li during the electrochemical cycling. In summary, these results suggest that the following: (i) the possible mitigating factor for R f is more of aluminum-doping than microwave irradiation; (ii) the effect of microwave irradiation is most pronounced for the undoped LMNC than the Al-doped samples; and (iii) that the electrochemical performance is a combination effect of microwave irradiation and aluminum-doping. The main consequences of the solid-electrolyte interphase (SEI) are the increased interfacial resistance and loss of active material. 34 From the R ct and R f values it can be deduced that the SEI film covering the LMNCA-based electrode surface is rapidly destroyed, or replaced by redox-active active material, or that the SEI layer has been stabilized by a lithium-ion conducting (non-redox-active) species upon continuous cycling. For the LMNC-based materials, however, there seems to be some SEI growth and/or loss of active materials hence poor lithium ion diffusion upon continuous cycling. The apparent diffusion coefficient of lithium ions (D Li ) was calculated by means of Equation 1:
Assuming diffusion coefficients of the oxidized and reduced Li species to be equal (D ox = D red = D Li ) and equal concentrations (C ox = C red = C Li ). D Li is the diffusion coefficient of the lithium ions, R the gas constant, T the absolute temperature, A the geometric surface area Table III . Summary of EIS parameters extracted from the Nyquist plots from experiment conducted at 3.5 V.
Before cycling LMNC-mic 7.0 ± 0.5 22. The precursor powder materials were first produced by sol-gel like process (Pechini method), then pre-heated, and subjected to microwave irradiation prior to conventional annealing process. This hybrid synthesis method showed that the oxidation states of the manganese can be controlled by doping LMNC with Al and microwave irradiation treatment. The LMNCA mic outperforms the LMNC mic and ultimately is superior compared to LMNC, LMNCA. From the electrochemical performance of these cathode materials that decreased as follows: LMNCA mic > LMNCA > LMNC mic > LMNC, it can be concluded that both Al-doping and microwave irradiation can be used to tune to the electrochem-ical performance of these layered cathode materials for lithium ion batteries.
